Pollicipes elegans is a commercially important and biogeographically significant rocky-shore gooseneck barnacle found along the eastern Pacific coasts of Peru, El Salvador, and Mexico. Little is known about its reproductive biology, and no genetic resources exist despite its growing importance as a fisheries species in the region. Next generation sequencing methods can provide rapid and cost-effective development of molecular markers such as microsatellites, which can be applied to studies of paternity, parentage, and population structure in this understudied species. Here, we used Roche 454 pyrosequencing to develop microsatellite markers in P. elegans and made genomic comparisons of repeat density and repeat class frequency with other arthropods and more distantly related taxa. We identified 13 809 repeats of 1-6 bp, or a density of 9744 bp of repeat per megabase queried, which was intermediate in the range of taxonomic groups compared. Comparison of repeat class frequency distributions revealed that P. elegans was most similar to Drosophila melanogaster rather than the more closely related crustacean Daphnia pulex. We successfully isolated 15 polymorphic markers with an average of 9.4 alleles per locus and average observed and expected heterozygosities of 0.501 and 0.597, respectively. Four loci were found to be out of Hardy-Weinberg equilibrium, likely due to the presence of null alleles. A preliminary population genetic analysis revealed low but significant differentiation between a Peruvian (n = 47) and Mexican (n = 48) population (F ST = 0.039) and markedly reduced genetic diversity in Peru. These markers should facilitate future studies of paternity, parentage, and population structure in this species.
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Pollicipes elegans is a gooseneck barnacle (order Pedunculata, class Pollicipea) that inhabits the rocky intertidal of the eastern Pacific. Pollicipes elegans is found along a large latitudinal range spanning the equator, but with a disjunct distribution of populations in Northern Peru, El Salvador, and Northwest Mexico (Van Syoc 1994; Barnes 1996). The fleshy peduncle is an edible and highly prized seafood item from a subsistence fishery that has existed in parts of Peru for generations (Bernard 1988; Kameya and Zeballos 1988) . A commercial fishery was developed in the 1970s to supply barnacles to the European market, after stocks of Pollicipes pollicipes in Portugal and Spain crashed due to overexploitation (Molares and Freire 2003) . Overharvesting is now a concern for P. elegans in Peru, but it is unclear if there has been a significant reduction in biomass and genetic diversity due to fishing pressure. Few published studies of any kind exist for P. elegans (Barnes 1996) , and only a single genetic study has been undertaken, which found relatively high divergence at the mitochondrial cytochrome oxidase 1 (CO1) locus between individuals from across the equator (Peru and Baja Mexico; Van Syoc 1994) . Little is known about population structure among all populations and to what extent harvesting has affected genetic diversity in the region. Cryptic species may also exist for P. elegans, as the disjunct populations across the equator likely have limited gene flow between them. In the better-studied P. pollicipes, the finding of substantial genetic heterogeneity across populations ranging from North Africa to Northwest Europe (Quinteiro et al. 2007; Campo et al. 2010) led to the discovery that the isolated Cape Verdean population was a distinct species (Fernandes et al. 2010; Quinteiro et al. 2011) .
In addition to the lack of population genetic information, there is a paucity of data on the basic reproductive biology and mating system of P. elegans, such as whether or not females store sperm, mate with multiple males (polyandry), or even spermcast (Bishop and Pemberton 2006) . The question of paternity is equally open for all species of Pollicipes, and barnacles in general, because to date, only 1 study of paternity has been published for any barnacle species (Kelly et al. 2012 ).
The development of species-specific, highly polymorphic nuclear markers, such as microsatellites, would facilitate the analysis of multiple paternity (how many fathers contribute to a brood), studies of relatedness within barnacle aggregations (which can be high; Veliz et al. 2006) , as well as standard and coalescent-based population genetic analysis of genetic divergence, divergence time, migration (current and historical), and diversity (e.g., effective population size) in P. elegans.
Microsatellites, highly variable genetic markers made up of short (1-6 bp) tandem repeats, are the markers of choice for population and evolutionary genetic studies because of their codominant inheritance, high variability, high abundance in the genome, and relative ease of genotyping on a variety of platforms. Despite the increased popularity of single nucleotide polymorphisms as genetic markers, individual microsatellite markers consistently show greater power in analyses of population genetic structure, association studies, and sibling reconstructions ( Their isolation, detection, and development can, however, be relatively time consuming and expensive (e.g., Hamilton et al. 1999; Zane et al. 2002) . With recent advances in next generation sequencing (NGS), 1000s to millions of short reads of random genomic sequence can be obtained quickly and at relatively low cost, and programs that screen for microsatellites in silico can be used to find repeat sequences and design suitable primers for polymerase chain reaction (PCR) amplification (e.g., Abdelkrim et al. 2009; Gardner et al. 2011) . The large number of reads produced on NGS platforms also provide a snapshot of the genome, and with these data, one can investigate the genomic frequency and distribution of repeat types, providing important insights into the origin and evolution of microsatellites, and genome structure and organization more generally (Tóth et al. 2000; Ellergren 2004; Meglécz et al. 2012a) . No genome-wide repeat data have been generated for any barnacle species, so this analysis provides the first data of this sort for future genomic comparisons across Cirripedia.
Here, we use NGS on the Roche 454 FLX platform to develop and characterize microsatellite loci for use in future studies of paternity, parentage, and population structure in P. elegans. We also take advantage of the large amounts of sequence data produced with this shotgun sequencing approach and make genomic comparisons of the repeat density and diversity in P. elegans with other arthropods and more distantly related animal taxa, with the expectation that more closely related taxa will exhibit similar patterns of microsatellite density and repeat class frequency. Finally, we perform a preliminary analysis of genetic diversity and genetic structure in 2 populations to show the utility of these markers for population genetic analyses.
Methods

Samples and DNA Extractions
Barnacles from near the southern tip of the Baja California peninsula, Mexico (Gaspareno: 23°10′58.09″N, 110°8′26.51″W) and Northwestern Peru (Islilla: 5°13′17.85″S, 81°11′18.99″W) were collected in 2009 and 2010, and peduncle tissue was stored in 95% ethanol. DNA was extracted using a modified hexadecyltrimethylammonium bromide (CTAB) protocol (Doyle and Dickson 1987), with 2 chloroform extraction steps and two 70% ethanol washes.
Sequencing and Quality Control
Shotgun sequencing of a genomic DNA library from a single individual from southern Baja, Mexico was performed in a portion of a single lane run on a 454 FLX Titanium sequencer (Roche 454 Life Sciences, Brandford, CT, USA), at the Genome Sequencing and Analysis Facility at the University of Texas at Austin. A total of 200 000 reads were requested, and library preparation proceeded following the manufacturer's protocol (Margulies et al. 2005 ). Briefly, DNA was fragmented through nebulization, and fragments in the 500-800-bp range were ligated to adaptors, captured on beads, and clonally amplified through emulsion PCR. After sequencing, raw sequences were filtered and trimmed for quality and length using the FASTQ tool kit on the Galaxy public server (http://main.g2.bx.psu.edu; Blankenberg et al. 2010). Reads were discarded if they were less than 100 bp in length or if they had a mean quality score lower than 30. Low-quality bases from the 3′ end of the read were trimmed with a sliding window, discarding bases until at least 2 individual scores were above a quality score of 35 (PHRED). After quality trimming, we performed a de novo assembly of reads using NEWBLER version 2.8 (Roche 454 Life Sciences) to eliminate duplicate reads, which can account for up to 25% of total reads from 454 FLX Titanium run (Niu et al. 2010; Balzer et al. 2013) and can bias upward the quantification of microsatellites in analyses of repeat density. After assembly using default parameters, contigs and unassembled reads were retained for repeat density analysis.
Repeat Density Analysis and Microsatellite Discovery
To quantify the number and frequency of repeat classes and motifs throughout the sequences, we used the repeat scanning software PHOBOS version 3.3.12 (described in Mayer et al. 2010), which can search for perfect and imperfect microsatellites, giving a more accurate picture of repeat density across the genome compared with other repeat finding software. Using the PHOBOS results, we compared the genomic density of repeats and the frequency of each repeat class in P. elegans with genomic repeat data from a variety of animal species, including relatively closely related arthropods and the recently sequenced crustacean Daphnia pulex. Because repeat discovery rates can vary depending upon the software platform and the search parameters used, we used data from Mayer et al. (2010) and employed identical search parameters for P. elegans in PHOBOS version 3.3.12 to compare repeat data across taxa. Though our shotgun 454 reads represent only a fraction of the P. elegans' genome, inferences of genome-wide microsatellite frequency and density from lowcoverage 454 reads have been shown to be highly correlated with, and not significantly different from, estimates made from full, assembled genome data (Meglécz et al. 2012b ).
To isolate microsatellites and design primers for population genetic analysis, we used the program QDD2.1 (beta) on the Linux platform (Meglécz et al. 2010). QDD2.1 searches for perfect microsatellites with repeat units of 1-6 bp and is able to filter for unique sequences and discard those associated with duplications or mobile elements. Default primer design settings were used except for the minimum flanking distance between a primer and a microsatellite (set to 30 bp) and the minimum PCR product size (set to 90 bp).
Primer Testing
A total of 45 primer pairs from the QDD2.1 output were chosen for further development and analysis in P. elegans. Eight Mexican individuals were used initially to test for amplification success by visualizing amplification products on 1.0% low-melt agarose gels (Fisher Scientific, Waltham, MA, USA). Loci that amplified consistently were then genotyped in the 95 individuals sampled from Peru (n = 47) and Mexico (n = 48) to evaluate polymorphism and population genetic parameters. For genotyping, a 5′ sequence tag that was complementary to a fluorescent probe was added either to the forward or to the reverse primer (FAM tag: GGAAACAGCTATGACCAT; VIC tag: CAGTCGGGCGTCATCA; NED tag: ACCAAC CTAGGAAACACAG; and PET tag: GGCTAGGAAAGG TTAGTGGC; see Table 2 and Hauswaldt and Glenn 2003). In some cases, one of the 2 primers was directly labeled with a fluorophore if a suitable sequence tag could not be placed on the primer (see Table 2 ). PCR reactions were carried out in volumes of 12.5 μL, with 0.5 μL of each 5 mM primer (if direct labeled) or 0.05 μL of the tagged primer, 0.45 μL of fluorophore, and 0.5 μL of reverse primer (if tag labeled: all primers at 5 mM), 2.5 μL 5× GoTaq buffer with 25 mM MgCl 2 , 0.3 μL of 5 mM dNTPs, 0.125 μL of 1% Triton-X (Fisher Scientific), and 0.1 μL of GoTaq (Promega, Madison, WI, USA). Amplification was carried out separately for each locus on an MJ research Dyad thermocycler (now Bio-Rad, Hercules, CA, USA). Cycle conditions were as follows: an initial 2-min denaturing step at 94 °C, followed by 35 cycles of 30 s at 94 °C, 30 s at 53-57 °C (locus dependent; Table 2 ), and a 45-s extension step at 72 °C, all followed by a final extension step of 15 min at 72 °C. Successfully amplified loci were also tested for cross amplification in P. pollicipes, P. polymerus, and the recently described P. caboverdensis/darwini (Fernandes et al. 2010; Quinteiro et al. 2011). All sequencing was carried out at the DNA laboratory at Arizona State University. Genotypes were scored by eye using LIZ600 as an internal size standard on the Peak Scanner 1.0 software (Life Technologies, Carlsbad, CA, USA).
Characterization of Novel Microsatellite Markers
We estimated overall number of alleles and observed and expected heterozygosities for the newly developed markers using FSTAT version 2.9.3.2 (Goudet 1995). Tests for Hardy-Weinberg equilibrium (HWE) were also carried out in FSTAT using 1500 permutations, and P values were adjusted with a sequential Bonferroni correction. For those markers that differed significantly from HWE, estimates of null allele frequency were made using the FreeNA software (Chapuis and Estoup 2007). Pairwise tests for linkage disequilibrium (LD) were performed using 10 000 permutations in GENETIX (Belkhir et al. 2004 ).
Analysis of Genetic Diversity and Population Structure in Peru and Mexico
We used the novel microsatellite markers to perform a preliminary population genetic analysis of the 2 populations sampled (Islilla, Peru and Gaspareno, Baja California, Mexico). Allelic richness was calculated using rarefaction in FSTAT version 2.9.3.2, and significant differences between the 2 populations were tested using the sign test (e.g., Jin et al. 2000) . Gene diversity was also calculated in FSTAT, and significant differences between populations were assessed with a Wilcoxon signed-rank test (see Nei 1987, p. 183). To determine the degree of population differentiation, we estimated F ST by calculating ϴ (Weir and Cockerham 1984), which accounts for small and unequal sample sizes, in FSTAT. Confidence intervals (95% CIs) for ϴ were calculated by bootstrapping across loci and used to assess overall significance.
Results and Discussion
Sequencing Results
We obtained 191 746 reads with a mean length of 325 bp from a shared lane run on the Roche 454 FLX sequencing platform (Table 1 ). All reads have been deposited on the sequence read archive (accession SRP029161; http:// www.ncbi.nlm.nih.gov/sra). Raw reads were then filtered and trimmed for length and quality, which resulted in the exclusion of 82 331 reads (47%), leaving 109 417 for downstream analysis. Cleaned reads were then assembled using NEWBLER version 2.8 into 973 contigs (maximum contig length of 8272 bp) and 99 324 unassembled reads, producing a set of 100 296 unique sequences for repeat analysis. These 100 296 sequences (36 805 630 nucleotides) accounted for approximately 2.83% of the genome of P. elegans, assuming a genome size of 1.3 gigabases, which was estimated from 
Genome-Wide Microsatellite Characterization
We found 13 809 repeats of 1-6 bp comprising 358 619 bp of total repeat sequence. We calculated that P. elegans has a repeat density of 9744 bp of microsatellite repeats per megabase (Mbase), which is slightly higher than that of the recently sequenced crustacean, D. pulex (7879 bp/Mbase) and similar to the fruit fly Drosophila melanogaster (10 875 bp/ Mbase; Figure 1A ). Repeat density appeared to scale somewhat with genome size, but this relationship was not significant (Pearson's correlation: 0.46, P = 0.11). Comparing the frequency (bp/Mbase) of repeat classes in P. elegans, pentanucleotide repeats were the most common (29%), above that of di-and hexa-nucleotide repeats (both at 18%), whereas mononucleotide repeats were found at the lowest frequency, just 2.7% ( Figure 1B ). Looking across species in Figure 1B , it is quite clear that there is substantial variation in the frequencies of repeat classes, even among the related arthropods. Though overall repeat densities were fairly similar between D. pulex and P. elegans, the distribution of repeat class frequencies were not-patterns for P. elegans resembled D. melanogaster to a much greater degree than D. pulex ( Figure 1B ). Though broad taxonspecific variation in repeat frequency has been observed (e.g. 
Microsatellite Screening, Primer Design, and Primer Testing
Perfect microsatellite sequences were identified for marker development by screening the unique sequences for di-, tri-, tetra-, penta-, and hexa-nucleotide repeats using QDD2.1. In total, we identified 2922 microsatellites of at least 5 repeat units. Primers were successfully designed for 1471 microsatellites (48%), and 45 primer pairs were chosen for testing and further characterization using PCR. In total, 24 of the 45 primers designed produced PCR products with reliable amplification, 15 of which were polymorphic and are characterized here. A total of 17 primer pairs demonstrated poor amplification, produced PCR products that had more than 2 alleles per individual, or showed unreliable amplification across individuals. Only 4 primer pairs produced no amplification whatsoever. Table 2 displays the results for the 15 successfully designed primer pairs. None of the isolated markers amplified reliably in P. pollicipes, P. polymerus, or P. caboverdensis.
Across the 15 microsatellites, the number of alleles per locus varied from 2 to 22, with an average of 9.4. Observed and expected heterozygosities averaged 0.501, and 0.590, respectively. Most markers consisted of dinucleotide repeats (n = 9), but tri-, tetra-, and hexa-nucleotide repeats were also represented in the successfully developed loci (Table 2) . One pair of markers, Pole01 and Pole07, showed evidence of significant LD (P < 0.00041); the remaining markers showed no significant LD (P > 0.07). Four markers exhibited significant deviations from HWE, notably in the direction of fewer heterozygotes than expected (Table 2) . Testing these markers for null alleles with FreeNA (Chapuis and Estoup 2007), we found that heterozygote deficiency was likely a result of null alleles, present at low frequency in all 4 of these markers (Table 2) 
Analysis of Genetic Diversity and Population Structure
With the 11 microsatellite loci that demonstrated HWE, we examined genetic diversity and population structure between the Baja (California, Mexico) and Islilla (Peru) populations. Indices of genetic diversity were consistently lower in the Peruvian population, with 9 of the 11 loci showing lower allelic richness (Sign test, P = 0.0654) and 8 of the 11 loci showing lower gene diversity (Wilcoxon signed-rank test, P = 0.053; Table 2 ). The pronounced disparity in diversity could be associated with increased fishing pressure in Peru, but other explanations are likely, including differences in colonization history and effective population size. High variability in the abundance and distribution of P. elegans populations in Peru has been reported and is thought to be influenced by strong, episodic El Nino events that disrupt recruitment patterns and affect food availability (Kameya and Zeballos 1988). Substantial fluctuations in population sizes would likely have a large and negative effect on genetic diversity and effective population size in the Peruvian population; however, more complex analyses of effective size and colonization history are required to investigate this result further. We also found relatively low but significant genetic differentiation between the 2 populations (F ST = 0.039, 95% CI 0.016-0.061; Table 2 ). This level of differentiation is a bit lower than expected given the relatively high (1.2%) CO1 divergence and the near reciprocal monophyly of CO1 haplotypes reported by Van Syoc (1994). However, F ST varied substantially among loci, with some loci showing 0 differentiation (e.g., Pole01 and Pole25) and others exhibiting much higher differentiation (max F ST = 0.097, Pole29). The relatively low level of overall differentiation suggests that there may be some gene flow between the populations despite the 4000-km distance that separates them. Alternatively, gene flow may be restricted, but not enough time has elapsed for greater divergence in allele frequencies to have accumulated via genetic drift.
Conclusions
We used a simple and efficient protocol with NGS data to identify and characterize 15 novel polymorphic microsatellite markers for the Pacific gooseneck barnacle P. elegans, the first markers of this type developed in the genus Pollicipes. These markers had a high rate of amplification success, showed relatively high polymorphism, and revealed differences in genetic diversity and population structure in a preliminary population genetic analysis of 2 populations. Analysis of repeat density demonstrated that P. elegans had a fairly high density of microsatellites for its genome size and that there was high variability in repeat class frequency among related taxa, highlighting the complex nature of microsatellite evolution. These markers will be useful for future studies of multiple paternity and parentage, and a more complete, range-wide investigation of population genetic structure and diversity in P. elegans.
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The 454 reads are archived in the sequence read archive (accession SRP029161), sequences used to design the 15 microsatellite primers have been assigned GenBank numbers (KF562712-KF562726), and microsatellite data are deposited in the Dryad repository: doi:10.5061/dryad.b7855. Background: Polyandry is a common mating strategy in animals, increasing female fitness through direct (material) and indirect (genetic) benefits. Most theories about the benefits of polyandry come from studies of terrestrial animals, which have relatively complex mating systems and behaviors; less is known about the potential benefits of polyandry in sessile marine animals, for which potential mates may be scarce and females have less control over pre-copulatory mate choice. Here, we used microsatellite markers to examine multiple paternity in natural aggregations of the Pacific gooseneck barnacle Pollicipes elegans, testing the effect of density on paternity and mate relatedness on male reproductive success. Results: We found that multiple paternity was very common (79% of broods), with up to five fathers contributing to a brood, though power was relatively low to detect more than four fathers. Density had a significant and positive linear effect on the number of fathers siring a brood, though this relationship leveled off at high numbers of fathers, which may reflect a lack of power and/or an upper limit to polyandry in this species. Significant skew in male reproductive contribution in multiply-sired broods was observed and we found a positive and significant relationship between the proportion of offspring sired and the genetic similarity between mates, suggesting that genetic compatibility may influence reproductive success in this species. Conclusions: To our knowledge, this is the first study to show high levels of multiple paternity in a barnacle, and overall, patterns of paternity in P. elegans appear to be driven primarily by mate availability. Evidence of paternity bias for males with higher relatedness suggests some form of post-copulatory sexual selection is taking place, but more work is needed to determine whether it operates during or post-fertilization. Overall, our results suggest that while polyandry in P. elegans is driven by mate availability, it may also provide a mechanism for females to ensure fertilization by compatible gametes and increase reproductive success in this sessile species.
Keywords: Multiple paternity, Barnacles, Genetic benefits, Reproductive skew, Mating strategies
Background
Polyandry, when a female mates with more than one male in a single reproductive period, is a common mating strategy among animals [1] [2] [3] . However, explanations of mating frequency based on classical sexual selection theory (e.g. [1, 4] ) suggest that males, but generally not females, should maximize their reproductive success through numerous matings [5] . Furthermore, multiple matings can have significant fitness costs for females such as disease contraction [6] , increased predation risk [7, 8] , and physical injury [9] [10] [11] [12] [13] . Nevertheless, many field and experimental studies now show that females commonly mate multiply to acquire sperm from several males [2, 3, [14] [15] [16] [17] [18] [19] . The solution to the apparent paradox of polyandry is that females acquire direct and indirect fitness benefits through multiple matings. Direct fitness benefits, such as increased parental care [20] , protection from predators [21, 22] , and acquisition of nutrient-rich spermatophores or seminal fluid [8, 23] , have been described in a number of species, most notably in insects [10, 21] . In many other taxa, however, there are no obvious direct benefits of polyandry, suggesting that females may receive indirect (or genetic) fitness benefits from multiple matings [2, 19, [24] [25] [26] . In these species, females may mate multiply to increase the likelihood of fertilization by a high quality mate through sperm competition or sperm selection [14, 15, 27, 28] (i.e. the 'good' genes hypothesis; [18, 19] ) or to ensure fertilization with a compatible mate (the 'compatible' genes hypothesis; [29] [30] [31] [32] ). In some cases, sperm with genotypes that differ from a particular female's eggs are more successful at fertilization or may enhance offspring viability [32] [33] [34] . In other cases, greater genetic similarity (overall, or at particular gamete recognition loci) is positively associated with fertilization success [35] [36] [37] .
While polyandry has been examined extensively in behaviorally complex and mobile terrestrial animals (e.g. insects, reptiles, and birds), less considered are the conditions that affect the evolution and frequency of polyandry in sessile marine animals, most of which have resource-free mating systems [38, 39] , in which the benefits of polyandry are primarily indirect and mating is limited by gametic dispersal distances [40] [41] [42] [43] . Polyandry may be beneficial (and therefore common) in sessile species if it increases the likelihood of fertilization by either high quality or genetically compatible sperm when pre-copulatory mate choice is limited [38, 41, 44] . On the other hand, polyandry may be an unavoidable consequence of reproduction in these species, its frequency a reflection of the density of conspecifics and the inability to reject or avoid multiple fertilizations. Among sessile species, barnacles are most unusual in that they copulate, such that mating is likely limited to only a handful of adjacent individuals in most species (but see [45] ). Observations of social polyandry (multiple mating attempts) are common in barnacles (e.g. [46] ), but genetic analyses of barnacle mating systems are limited and in some cases have yielded contrasting results with respect to the frequency of polyandry. For example, one study found that the prevalence of multiple paternity was related to density but was generally low, suggesting that siring success was mediated by the distance between mates [47] , whereas an unpublished study from another non-stalked species reported polyandry in nearly 80% of broods (D.M. Rand, Cited in [47] ). A third study examined paternity in broods from physically isolated individuals of the gooseneck barnacle Pollicipes polymerus, finding that some individuals had received sperm through the water column, and thus can potentially reproduce with mates outside the range of an extensible penis [45] . Finally, high relatedness and kin aggregation has been observed in Semibalanus balanoides [48] which suggests that genetic identity or compatibility may also be important in determining barnacle settlement and possibly reproductive success. Clearly, the drivers of polyandry in barnacles and other sessile marine animals are complex and more information is needed on the relative roles of ecological and genetic factors influencing the evolution of polyandry in these species.
In this study we used microsatellite markers to examine multiple paternity in a natural population of Pollicipes elegans, an hermaphroditic intertidal gooseneck barnacle that is found in high-density aggregations on rocky shores of the tropical and subtropical eastern Pacific. Based on the intriguing findings from previous studies of paternity in barnacles [46, 47] and evidence of high relatedness within barnacle aggregations [48] we examined the relationship between conspecific density and multiple paternity, the effect of genetic relatedness on proportional siring success, and the extent of relatedness within P. elegans aggregations. Though it is difficult to explicitly show the genetic benefits of polyandry (e.g. [38, 39, 49] ), a relationship between relatedness and siring success indicates that genetic identity is important in determining reproductive success in multiply-sired broods, potentially driving the evolution of polyandry in P. elegans.
Results
Paternity
Paternity analysis of 416 individual larvae from 14 broods and their respective mothers revealed two or more fathers in 11 of the 14 broods analyzed, with the minimum number of fathers ranging from one to five (mean of 3.36; Table 1 ). In six out of the 14 broods analyzed, there were multiple solutions for the reconstructed paternal genotypes (range of 3 to 427; most had fewer than 30), which were ranked by likelihood, based on Mendelian segregation. There was no effect of sample size on the number of fathers estimated (Pearson's correlation, sample size vs. number of fathers: 0.049, P = 0.879). In the three cases of single paternity, offspring inherited at least one allele that was not present in the mother's genotype, demonstrating that self-fertilization was unlikely.
Our power to detect multiple paternity (two or more fathers) was very high given the markers and sample sizes available in this study. Simulations showed that the power to detect two or three fathers was relatively high (above 0.7) even at low sample sizes of 10 offspring, and increased to 0.97 and 0.84 (for two and three fathers, respectively) when the number of offspring was increased to the mean sample sizes from this experiment (~30; Figure 1 ). However, power to detect four or five fathers was much lower; at mean sample sizes power was 0.62 and 0.32, respectively. Skew in reproductive contribution (one father contributing only 1/5 the number of offspring) also reduced power substantially in simulations of four and five fathers, but power was not substantially affected for detecting two or three fathers (Figure 1) . At the average sample size from this study and the skew scenario evaluated, power to detect four and five fathers with skew was 0.42 and 0.15, respectively.
Among aggregations for which we were able to genotype all of the adults, we found few exogenous alleles in larval broods that could have originated through spermcasting. For the two lowest densities (2 and 4 individuals per 10 cm 2 ), densities at which we were able to genotype every individual, we found no external alleles in any larval broods. For one aggregation at a higher density (17 individuals per 10 cm 2 ), for which we were able to genotype all but one adult, we found three exogenous alleles in larval broods, suggesting that at least one of these alleles originated from outside the aggregation.
Effect of density on paternity
Examining paternity in broods sampled from a range of conspecific densities (Table 1 ; see Methods), we found a positive and significant linear relationship between adult barnacle density and the number of contributing fathers (R 2 = 0.3521, P = 0.025; Figure 2 ). This linear relationship appeared to level off with higher density and regression of paternity on log-transformed density produced a better overall fit (R 2 = 0.513, P =0.0041; Figure 2 ).
Reproductive skew and effect of relatedness
Reproductive contribution of fathers in multiply sired broods was variable, differing significantly from the expectation of equality (evidence of significant reproductive skew) in four of the 11 broods analyzed (Figure 3 ). In the broods showing significant departures from equal paternal contributions, the patterns of skew were different. For example, in brood c13, most of the offspring (57%) were sired by one individual, while the other four fathers sired somewhat equal (goodness-of-fit Chi-square for the four fathers, P = 0.61), but far smaller numbers of offspring.
In brood c12, two of the fathers sired an approximately equal proportion of the offspring (45% each), with the 3rd father siring far less (10%).
The permutation-based test of correlation revealed a positive and highly significant association between parental relatedness and the proportion of a given brood sired by putative fathers (Spearman's Rho = 0.38, P = 0.0084; Figure 4A ). This relationship was robust to a number of different relatedness estimators including that of Queller and Goodnight [50] (P = 0.004; Figure 4B) . Overall, pairwise relatedness between parents was relatively low (mean = 0.02), though a few parental pairs appeared to show very high relatedness (>0.4; Figure 4 ).
Genetic analysis of adult barnacles within aggregations
The eight markers used to examine fine scale population structure and relatedness in the three barnacle aggregations varied in their number of alleles (from four to 12), and showed an overall pattern of high heterozygosity (Additional file 1: Table S1, A1). In aggregation two only, two markers showed significant deviations from Hardy Weinberg equilibrium (Pole 8 and Pole 34; Additional file 1: Table S1 ). Principal coordinates analysis showed little evidence of allelic differences across the three groups (results not shown). Similarly, overall F ST was low (0.007, P = 0.11), with only one significant pairwise F ST comparison (aggregation 1 vs 3: F ST =0.01, P = 0.003). Relatedness calculations within each group were generally low, (mean = −0.068) with only aggregation one showing a positive average pairwise relatedness (0.008). Relatedness in the first aggregation was significantly greater than expected by chance (P = 0.013) whereas the relatedness estimates for the other two aggregations were not (P > 0.5).
Discussion
Multiple paternity in P. elegans Despite modest sample sizes of offspring and relatively low power to detect four and five fathers, we found a Proportion sired Brood *** *** * * * Figure 3 Proportion of brood sired by putative fathers in multiple paternity broods. Asterisks indicate significance of chi-square goodness-of-fit tests for equal reproductive contributions of fathers (* P < 0.05, **P < 0.01, ***P < 0.001).
high frequency of polyandry (79% of broods) in P. elegans, with up to five fathers per brood. Both the frequency of polyandry and number fathers in multiply-sired brood P. elegans are greater than what was found in Tetraclita rubescens, an acorn barnacle, which had multiple paternity in 29% of broods and only 4/17 broods with more than two fathers [47] , but are similar to unpublished data for another acorn barnacle, Semibalanus balanoides (D.M. Rand, unpublished, cited in [47] ). These contrasting results suggests that the frequency and extent of polyandry varies substantially among barnacle species, as it appears to vary among other copulating crustaceans such as crabs and lobsters (e.g. [51] [52] [53] [54] [55] ). Similar variation in the frequency of multiple paternity has been observed across species of birds, in which levels of extra-pair paternity vary from 0% to over 90% [56] .
A significant relationship between barnacle density and the number of fathers contributing to broods suggests that the number of potential sperm donors in an aggregation is a significant factor influencing polyandry in P. elegans. A similar effect of conspecific density on the frequency of polyandry has been shown in other copulating marine [47, 57] and terrestrial [56, 58, 59 ] species, but not in a spermcasting, brooding colonial ascidian [43] . Unlike spermcasting invertebrates, most barnacles transfer sperm with an extensible penis that can be several times an individual's body length, and the ability to successfully fertilize mates is likely determined largely by the length of the penis and the distance to potential mates [60, 61] , but see [45] . Total extensible penis length is not known for P. elegans, but the recent report of relatively short penis length in a related gooseneck barnacle species [45] , suggests that mating may also be limited to close neighbors in P. elegans.
Most broods possessed microsatellite alleles that matched those found in adults sampled from their mother's aggregation, indicating that fertilization occurs primarily by physically proximal males. This result suggests that if spermcasting occurs in P. elegans, it is only effective over short distances, or within aggregations. While we cannot rule out short-distance spermcasting within aggregations (which may be most effective with mates that are close by, especially in the turbulent, high-energy environments that gooseneck barnacles are found), we found no exogenous paternal alleles in any of the low density aggregations and thus no evidence of long-distance spermcasting. Likewise, most individuals in low-density aggregations lacked lamellae entirely, suggesting that longdistance spermcasting is neither common nor effective in P. elegans.
We also observed an apparent upper limit to multiple paternity in P. elegans, as indicated by the observation that the linear relationship between the number of fathers siring a brood leveled off at higher densities. Several factors could explain this. First, a lack of power to detect four or more fathers may have produced underestimates of paternity at higher densities resulting in the apparent asymptotic relationship observed between paternity and density. Though power was limited in this study, an upper limit to polyandry may be set by the number of neighbors within reach because penis length is short in Pollicipes, and because spermcasting (to the extent that it occurs in this species) may only be effective over short distances. Lastly, females might actively discard sperm or reject copulations after a certain number of insemination attempts, given that copulations can be costly to survival (at least in some species, [9] [10] [11] [12] [13] ), potentially limiting the number of contributing males at higher densities. In their meta-analysis of multiple paternity in brooding invertebrate species vs. "pregnant" vertebrates [62] , Avise et al. noted the far lower levels of multiple paternity than what is theoretically possible given that brood sizes of marine invertebrate species can be as high as 100,000 embryos. An upper limit to the number of fathers contributing to a brood likely represents a balance between the fitness benefits of polyandry and the limitations on multiple mating imposed by logistical or physical factors.
Polyandry and sexual selection in P. elegans
Evidence of significant skew in paternal contribution and the finding of a significant correlation between genetic similarity and reproductive success suggest that some form of post-copulatory sexual selection may occur in P. elegans (though spatial structure in relatedness combined with differential sperm transfer of more proximal neighbors could also produce the observed paternity bias). Paternity bias towards mates with greater genetic similarity could indicate that the specific genetic combination of gametes from the two parents influenced reproductive success, a result that is consistent with a compatible genes model of the benefits polyandry (e.g. [2, 3, 18] ). The finding of a positive relationship between genetic similarity and reproductive success contrasts sharply with much of the current literature on the indirect genetic benefits of polyandry, which typically emphasizes a negative relationship between genetic similarity and reproductive success (e.g. [33, 34, [63] [64] [65] ). Mating with genetically dissimilar individuals is thought to be beneficial because increased genetic diversity reduces the risk of inbreeding depression, and ensures a range of genotypes for offspring to contend with environmental uncertainty [2, 24] . Other studies have, however, demonstrated fitness benefits of mating between individuals with a high or intermediate level of genetic similarity [18, 36, 37, 66] . Our results show the potential for a similar fitness advantage for fathers that are genetically similar to their mates, supporting the role of compatible genes as a potential benefit of polyandry in this species.
Studies of relatedness in other barnacles may provide clues about why genetically similar mates produce more offspring in multiply-sired broods of P. elegans. In the acorn barnacle Semibalanus balanoides, barnacle aggregations from a number of rocky outcrops showed higher average relatedness than expected by chance (as high as 0.14) [48] , which is likely driven by oceanography (but larval behavior and kin-aggregation may also play a role) and sets the stage for fine-scale spatial variability in relatedness that may be important during reproduction. Though we found that overall genetic similarity was much lower within adult aggregations of P. elegans (than compared to S. balanoides), our paternity results suggest that during reproduction, there may be a preference for sperm from more genetically similar individuals, even if that similarity is low. Because we could not individually genotype recently-fertilized embryos, it is not clear whether the observed pattern of paternity bias reflects greater fertilization success of compatible gametes or differential post-fertilization viability of compatible embryos. Both scenarios are plausible. Experimental work on the sperm-bindin locus and receptor in various sea urchin species has shown that males with more common or matching bindin genotypes perform better in sperm competition, resulting in greater reproductive success (though this is also mediated by the density of conspecifics and availability of sperm: (e.g. [35, 67] ). Alternatively, a number of studies show that differential embryo survival influences paternity bias, and its inference [68] [69] [70] . Future studies of paternity in barnacles should examine paternity bias and differential reproductive success at different time points-post fertilization (brooding embryos) and during the larval stages-to better understand the role of compatibility during fertilization and during the larval stages.
Conclusions
In summary, we found that multiple paternity is common in the eastern Pacific gooseneck barnacle P. elegans (over 70% of broods and up to five fathers) and that the number of mates contributing to a brood is associated with the density of conspecifics. We also found that higher relatedness between mates conferred an advantage in male reproductive success within multiply-sired broods, suggesting the potential for cryptic female choice of compatible sperm and that polyandry may confer genetic benefits to brooding individuals, though future studies will be needed to test this explicitly. While density clearly affects the availability of potential mates and thus opportunities for multiple paternity, post-copulatory processes (gamete compatibility or cryptic female choice) may be important in ensuring reproductive success in this sessile, polyandrous species.
Methods
Sampling and study population Table 1 ). We found few individuals brooding embryos in the lowest density groups; only one of eight groups with a density of two individuals per10 cm 2 and none of the four solitary individuals had embryos. Lower densities (1 or 2 individuals) were sampled more than once in an attempt to find individuals that were brooding embryos for paternity analysis. In total, 119 barnacles were sampled, but of these only 21 individuals exhibited brooding embryos, 14 of which yielded larvae for paternity analyses (Table 1 ; larval culturing description below). Individual barnacles were scraped off of rocks with 1 mm-thick metal paint scrapers and care was taken minimize damage to the bottom of the peduncle so that adults were brought back alive. Animals from each aggregation were then placed in individual zip-lock bags and kept moist with rinses of fresh seawater every 6-8 hours until they arrived at the laboratory~24 hours later.
Larval culturing and tissue sampling
Prior to extraction of the disc-shaped embryo sacs (lamellae), each individual's peduncle was dipped in a 10% bleach solution, the capitulum was rinsed in 90% ethanol, and then the whole animal was rinsed thoroughly with 35 ppt artificial seawater (ASW, Instant Ocean). Lamellae (both discs) were extracted from the mantle cavity with forceps, rinsed with ASW, and transferred to clean, 100 ul plastic beakers containing 50 ul of fresh ASW treated with 1 mg/l each of streptomycin and penicillin to limit bacterial and fungal growth [71] . Larvae from each brood were reared in separate cultures in the dark at 25°C [71] ; each culture was checked daily for hatching. After hatching, swimming larvae were transferred to new beakers and fed with Rhodomonas salinas and Isochrysis galbana at concentrations of 10,000 cells ml −1 each for~48 h until sufficient numbers of stage-II larvae could be collected (50 or more) and preserved in 70% ethanol. Larvae were fed for 48 h after hatching because larger larvae yielded more DNA, facilitating individual genotyping. Peduncle tissue of mothers with broods that had 50 or more stage-II larvae were sampled and preserved in ethanol.
DNA was extracted from~25 mg of adult muscle tissue using a modified CTAB protocol (Doyle and Doyle 1987) with two chloroform/isoamyl isolations and two 70% EtOH washes. Precipitated adult DNA was re-suspended with Qiagen EB buffer (10 mM Tris, ph 8.5; Qiagen Valencia CA). DNA from larvae were extracted individually in 200ul 96-well PCR plates using 25 ul of extraction buffer comprised of 0.5% tween, TE buffer (10 mm Tris, 1 mM EDTA), and 2.5 ul 20 mg/ml Proteinase k (Bioline). Larval extractions were incubated at 60°C for 4 hours followed by 30 minutes at 95°C and stored at −20°C. Raw (unprecipitated) larval extractions were used directly in PCR.
Genotyping and paternity analysis
Brooding individuals (mothers) and offspring were genotyped with at least three of five loci: Pole 1, Pole 8, Pole 25, Pole 29, and Pole 44 [72] . These loci have a high number of alleles (5-23) and gene diversity (average expected heterozgosity = 0.59), show no evidence of null alleles, and exclusion probabilities calculated from the four most commonly genotyped markers (Pole 1, Pole 8, Pole 25, Pole 44) showed high discriminatory power (0.94; genotype data from Gaspareno, Mexico in [72] ). PCR was carried out as described in Plough and Marko [72] and fragment analysis was run on the ABI 3100 sequencer at the Arizona State University DNA Lab. Electropherograms were scored by eye using LIZ600 (Applied Biosystems) as an internal size standard on the Peak Scanner software v. 1.0 (Applied Biosystems). Note that because P. elegans is hermaphroditic, all individuals, including brooding mothers are potential fathers.
Paternity analysis was performed using the program GERUD 2.0 [73] . The software does not allow for missing data, so only larvae that successfully amplified at all loci were included in the analysis of each brood. In one brood (c22), two larvae (0.48% of all genotyped larvae) were each homozygous at a single microsatellite locus for an allele that differed from the mother's, violating assumptions of Mendelian segregation. These larvae were removed from the analysis as possible contaminants from another brood but de-novo mutation at this locus could also explain the observed segregation pattern (e.g. [74, 75] ). Multiple genotype array solutions for the fathers were ranked by likelihood using the default test for Mendelian segregation. Though GERUD2.0 has the option of ranking solutions by allele frequencies from a reference or base population, we were not able to use this feature because some of the broods exhibited rare alleles not present in the genotype data from [72] . To determine if offspring were likely sired by fathers in the same physical aggregations, we examined whether the alleles observed in larval broods were also present in the genotypes of adults from the same aggregations in which those broods were collected. We compared larval and adult genotypes from each of two low density aggregations (2 individuals/10 cm 2 and 4 individuals/10 cm 2 ) and eight broods from three high density aggregations (17, 22 , and 44 individuals/10 cm 2 ; Table 1 ). All of the adults within the two low-density groups were genotyped, but in the three higher density aggregations we were able to genotype only~80-95% of the adults because some individuals were damaged during collection and/or transport, compromising the quality of the DNA.
Power analysis of paternity
To determine the power to detect different levels of multiple paternity given the offspring sample size and the number of contributing fathers, we ran simulations using GERUDSIM 2.0. We determined the proportion of simulations out of 1000 that correctly assigned the true number of fathers (from 2-5), given various sample sizes of larvae genotyped (range, two -96; actual mean sample size across the 14 broods =29.74) and the population allele frequencies of the four most commonly used markers (Pole 1, Pole 8, Pole 25, and Pole 44) from Baja California, Mexico [72] . Simulations were run assuming that the mothers' genotype was known and that the total offspring number per female (the average number of fertilized eggs) was 5000. In the simulations, five thousand offspring is then split among the true number of fathers for a given simulation scenario (e.g. for the 3 father simulation with equal reproductive contribution, each would be assigned 1666 offspring). Fecundity in P. elegans has not been measured systematically, but appears to range from a few thousand to 10's of thousands of eggs per female based on observations from this study, and estimates for the related barnacle Pollicipes pollicipes are similar [76] . Simulations with greater than 5000 total offspring ran extremely slowly in GerudSim2.0, but a few trial runs with 25,000 vs 5,000 total offspring yielded similar power results, so we set the total number of offspring in a brood to 5000. We also determined the power to detect the true number of fathers in a brood when there was skew in paternal contribution: 1/5 the contribution from one father and equal contributions from the others. These simulations were run only at the approximate mean offspring sample size (30) . For example, in the case of five fathers, we assigned one father only 200 offspring and the other fathers 1,000.
Statistical and genetic analyses
Linear regression analysis of the effect of density on paternity was performed in the R statistical software package, v. 2.11.1 [77] . To examine skew in the reproductive contribution of putative fathers, Chi-square goodness-of-fit tests were run in R 2.11.1, with the null hypothesis of equal reproductive contribution. We also examined the association between relatedness of mates (calculated from the reconstructed paternal genotypes and the observed genotypes from the mother of each brood) and proportional paternity success. Relatedness was estimated with the Lynch & Li method [78] in COANCESTRY [79] , because it performs well in a number of situations (e.g. [80] ). Given the structure of the data (proportions within each brood sum to 1 and are grouped by female) we used a non-parametric, permutation-based approach to assess the significance of the relationship between relatedness and proportional siring success, because it makes fewer assumptions than analysis of variance or linear mixed-model methods. We implemented a permutation-based test of correlation using Spearman's Rho (a non-parametric analog to Pearson's correlation coefficient) that shuffles relatedness values while holding proportion sired static, within each female. The correlation is estimated for the true data, and then calculated after each permutation, and the number of permutations (out of 10,000) in which the permuted value is greater than the actual value is tallied for the onetailed statistical test. This analysis was performed in R 2.11.1 (see Additional file 2).
Adults from three high density aggregations of barnacles (44, 17 , and 22 individuals per 10 cm 2 ) were genotyped to assess relatedness among adults and possible fine-scale population structure. The relatedness estimator of Li [78] with weighting by locus [81] was calculated in the program STORM [82] . STORM calculates relatedness within a group or population and uses a permutation procedure to shuffle individuals across populations, creating a distribution of expected relatedness values for each group and overall, against which significance can be assessed. We calculated relatedness in the three aggregations, performing 10,000 permutations to determine if barnacles in these aggregations showed greater relatedness than expected by chance. For these calculations, data from eight microsatellite markers were used (Additional file 1: Table S1 ). Allele counts, heterozygosities, and tests of Hardy Weinberg Equilibrium were calculated with ARLEQUIN v. 3.5 [83] . We also examined fine scale population structure of the three aggregations using principle coordinates analysis (PCoA) and standard F-statistics. PCoA analysis was performed with the GENALEX 6.2 software [84] , and pairwise and overall F st was estimated with GENETIX using 10,000 permutations [85] .
